Introduction
Noninvasive measurement of mechanical properties of the arterial wall, such as elasticity, is useful for diagnosis of atherosclerosis because there are significant differences between the elastic moduli of normal arterial walls and those affected by atherosclerosis. [1] [2] [3] In particular, mechanical properties of plaque are important because the rupture of plaque may cause acute myocardial infarction and cerebral infarction. [4] [5] [6] Magnetic resonance imaging (MRI) and intravascular ultrasound (IVUS) are promising technologies for directly imaging plaque morphology, 7, 8) but they are expensive or invasive. On the other hand, the dynamic change of artery diameter due to the pulsation of the heart can be measured noninvasively by methods using ultrasound. [9] [10] [11] [12] Some parameters related to artery-wall elasticity can be obtained by the measured change in diameter of the artery. [13] [14] [15] However, in the derivation of these parameters, the artery is assumed to be a cylindrical shell with uniform wall thickness and homogeneous elasticity and, thus, the regional elasticity around atherosclerotic plaques cannot be evaluated.
For the measurement of the mechanical properties of the arterial wall, including walls with atherosclerotic plaques, we have developed a method, the phased tracking method, for measuring small vibrations in the heart wall or arterial wall with transcutaneous ultrasound. 16, 17) For some years, we have measured the displacement and small change in thickness of the arterial wall caused by the heartbeat using this method. [18] [19] [20] [21] In our phased tracking method, a set of two points is assigned along an ultrasonic beam, and the change in thickness of the layer between these two points is estimated. Furthermore, by sliding the position of the layer along the ultrasonic beam by intervals of the sampled points, the spatial distribution of changes in thickness along the ultrasonic beam can be obtained.
Elasticity images of the human carotid artery have been obtained noninvasively by the measured displacement distribution, and the potential for transcutaneous tissue characterization has been shown by classifying elasticity images using elasticity reference data obtained from in-vitro experiments. [21] [22] [23] We have already measured the elasticity distributions for lipids, blood clots, fibrous tissue (mixture of the smooth muscle and collagen), and calcified tissue. In these previous studies, it was found that arterial tissues can be classified into soft tissues (lipids, blood clots) and hard tissues (fibrous tissue, calcified tissue) on the basis of their elasticity. However, it was difficult to differentiate lipids from blood clots and fibrous tissue from calcified tissue because there are large overlaps between their elasticity distributions. Therefore, we proposed a tissue classification method using the elasticity distribution in a small region. 24) In this method, the elasticity distribution of each small ROI (not a single pixel) in an elasticity image was used to classify the ROI into lipids, blood clots, fibrous tissue, or calcified tissue, which improved the precision of tissue classification.
To optimize tissue classification, some parameters have been investigated. In our previous study, the optimum size of an ROI was determined to be 1,500 mm in the arterial radial direction and 1,500 mm in the arterial longitudinal direction. 25) In addition, in the proposed classification method, the likelihood function of each small ROI is calculated for each tissue component (lipids, blood clots, fibrous tissue, and calcified tissue), and the region is classified into the tissue component that has the maximum likelihood. 24) Every ROI is always classified into one of the four tissue components even when its maximum likelihood is very small. However, such a region should be defined as ''an unclassified region'' by setting a threshold for the maximum likelihood. In this study, the threshold for the likelihood was set by evaluating the variance in the ultrasonic measurement of radial strain. Tissue classification was much improved by the proposed thresholding in comparison with that in the previous study.
Methods

Tissue classification based on elasticity distribution
measured by ultrasound The elasticity of the arterial wall is defined as the tissue strain calibrated by the average stress of the entire wall thickness, namely, the circumferential elastic modulus E h .
22)
The strain distribution is obtained by applying the phased tracking method to the measured demodulated signals. 20, 26) In this study, each pixel in an elasticity image was classified into one of five categories, lipids, blood clots, fibrous tissue, calcified tissue, or unclassified, using the likelihood function L i (i ¼ 1: lipids, 2: blood clots, 3: fibrous tissue, 4: calcified tissue) of the elasticity distribution in the small region around the pixel. To obtain the likelihood function L i , the elasticity distribution of the i-th tissue was translated into the normal distribution to describe the probability distribution using the mean and the standard deviation. 24) For example, the elasticity distribution of fibrous tissue was translated into the normal distribution as shown in Fig. 1 . From in-vitro experiments, the elasticity distribution of each tissue i was obtained as illustrated in Fig. 1(a) . The elasticity distribution of the i-th tissue is composed of J i data points with the respective elastic moduli. Using all data of J i points (J 1 : 228, J 2 : 179, J 3 : 19,121, J 4 : 1,101) with the respective elastic moduli, the ascending sequence was constructed for tissue i as shown in Fig. 1(b) . In this sequence, the j-th data point (j ¼ 1; 2; . . . ; J i ) has the corresponding elastic modulus E j (E j E jþ1 ), where j is the elasticity number. The probability distribution of each tissue was obtained by allocating all the data of J i points of each tissue i to boxes of the normal distribution. The box numbers, B i , of the normal distribution were determined so that the number of data points in the box at each end was only one. As shown in Fig. 1(c) , the number of data points, D i;h (h ¼ 1; 2; . . . ; B i ) included in box B i was determined to follow the profile of the normal distribution. Thus, the ðJ i =2Þ-th data point was included in the box with the highest probability. By allocating all the data of J i points of each tissue to boxes of the corresponding normal distribution, the mean elasticity of the data included in each box was obtained.
As shown in Fig. 2 , an ROI was assigned to an elasticity image which was obtained by ultrasonic measurement. The likelihood function L i ðm; nÞ is defined as a joint probability that all the elasticity values in ROI R m;n (center of ROI: n-th sampled point along m-th beam) simultaneously belong in the i-th category as follows:
; ði ¼ 1; 2; 3; 4Þ ð2:1Þ
where p i ðE k;l Þ is the probability density that elasticity value E k;l in the k-th row and l-th column in the R m;n belongs to the i-th tissue category, and N 0 denotes the number of pixels in R m;n . The number of pixels in the ROI near the boundary of the elasticity image is less than that in the ROI which is sufficiently away from the boundary. Thus, the geometric mean 1=N 0 is used to compensate for the size N 0 of the ROI. The pixel at the center of the ROI is classified into the class which has the maximum likelihood. In this classification, there may be a region which has an extremely small value for the maximum likelihood. Such regions are classified into the unclassified region by setting the threshold T o;i ðR m;n Þ to the maximum likelihood. Thus, the category CðR m;n Þ, to which an ROI R m;n belongs, is expressed as follows: ( ð2:2Þ In this study, arterial tissue was classified into one of four classes, lipids, blood clots, fibrous tissue, and calcified tissue. A normal arterial wall is composed mainly of smooth muscle and collagen. Atherosclerosis changes the contents of these tissue components, and it is difficult to determine what contents of these components are abnormal. Therefore, in this study, a tissue composed of smooth muscle and collagen was defined as a class, namely, fibrous tissue. Figure 3 shows the experimental setup for the phantom experiment. A homogeneous cylindrical phantom (internal radius: r i ¼ 4 mm, external radius: r o ¼ 5 mm, elastic modulus: E ¼ 750 kPa) made from silicone rubber containing 5% carbon powder by weight was measured with a 7.5 MHz linear ultrasonic probe. The scan plane was parallel to the longitudinal direction of the phantom, and the directions of all ultrasonic beams coincided with the radial direction of the phantom. The change in internal pressure, which was applied using a flow pump, was measured by a pressure sensor. The sampling frequency of the quadrature demodulated signal and the frame rate are 10 MHz and 200 Hz, respectively. The theoretical value of radial strain Á" r ðrÞ at each radial position r is obtained by 27) Á" r ðrÞ ¼ À 3 2
Phantom experiment for evaluation of variance in measurement of radial strain
where Áp is the pressure increment. The radial strain measured by the phased tracking method was compared with the theoretical value Á" r ðrÞ. Figure 4 shows a schematic diagram of the measurement system. The change in pressure inside the artery was realized by circulating fluid using a flow pump. The fluid inside the artery and that circulating in the flow pump were separated by a rubber membrane to prevent the flow pump from being contaminated, and only the change in internal pressure was propagated to the inside of the artery. The change in internal pressure was measured by a pressure transducer (Camino Model 110-4).
In-vitro experiment for tissue classification of arterial wall
In ultrasonic measurements, excised arteries were measured with a conventional 7.5 MHz linear ultrasonic probe (Toshiba SSH-140A). The quadrature demodulated signals of RF echoes were acquired at 10 MHz at a frame rate of 200 Hz. Table I . In Table I , the variance in measurement of radial strain was almost constant even when the magnitude of the pressure increment Áp varied. Moreover, the difference between the mean and the theoretical value is lower than the standard deviation, and mean value follows the theoretical profile. Figure 6 shows the relationship between the mean s and the standard deviation s normalized by the mean value. The plots and the straight line show all the measured results in Fig. 5 and the regression line, respectively. A positive correlation was found between the mean s and the normalized standard deviation s because the standard deviation was almost constant over every pressure increment. The regression line was determined as follows:
Results
Phantom
ð3:1Þ Figure 7 shows the elasticity distribution of each tissue; that is, the frequency of the elasticity values which belong to the range is defined by the position and width of each vertical bar. The width of a vertical bar was set at every 50 kPa. Means and the standard deviations are 89 AE 47 (lipids), 131 AE 56 (blood clots), 1;022 AE 1;040 (fibrous tissue), and 2;267 AE 1;228 kPa (calcified tissue). Although similarities were found in the elasticity distributions of lipids and blood clots and in those of fibrous and calcified tissues, there are differences in the elasticity distributions of these tissues. Figure 8 shows the probability density of each tissue obtained by the axis transformation of the elasticity distribution using the process described in §2.1. As shown in these figures, the horizontal axis of the elastic modulus is nonlinear. Using these databases, each pixel in an elasticity image was classified as a certain tissue component.
Setting threshold in tissue classification
The threshold T o;i ðR m;n Þ for likelihood function L i ðm; nÞ of tissue i of each ROI R m;n is determined using the experimental results with the phantom. Using eq. where " max ðk; lÞ and " are the maximum radial strain during one cardiac cycle in the k-th row and l-th column and the average of the maximum radial strain in R m;n , respectively. Figure 9 shows an illustration for determining the threshold T o;i ðR m;n Þ for the likelihood function L i ðm; nÞ of tissue i. Let us consider the elasticity distribution in an ROI. Variance 2 0 ðR m;n Þ of the measured elasticity b E E k;l in the k-th row and l-th column in R m;n is expressed as follows:
ð3:6Þ where E R m;n and b R m;n are the true mean elasticity in R m;n and the bias error b R m;n ¼ E ðk;lÞ2R m;n ½ÁE k;l , respectively. By substituting eq. (3.6), eq. (3.4) is modified as follows:
where e R m;n is assumed to be zero because fe k;l g is random error. Variance ð e ðR m;n ÞÞ 2 of the measurement error fe k;l g in R m;n is expressed by ð e ðR m;n ÞÞ 2 ¼ ð s ðR m;n Þ Á b E E R m;n Þ 2 , where s ðR m;n Þ is determined by eq. (3.2). By defining the variance due to the elastic inhomogeneity of tissue in R m;n by ðR m;n Þ 2 , eq. (3.7) is expressed as follows:
where there is no correlation between the inhomogeneity of E k;l and fe k;l g in R m;n . Therefore, variance ððR m;n ÞÞ 2 without error of eq. (3.8) is given by f s ðR m;n Þ b E E R m;n g 2 subtracted from the variance 2 0 of the measured elasticity values f b E E k;l g in R m;n as follows: Figure 10 shows an example of a tissue classification image that is estimated manually by referring to its pathologic image. By comparing the pathology-based classification image shown in Fig. 10 with the tissue classification image obtained by the proposed method, the number N c ðwÞ of correctly classified pixels is obtained. The recognition rate R r ðwÞ at w is expressed as follows:
ERm,n σ σ acceptance region (σ0 -{σs(Rm,n)ERm,n} ) μi + a 2 2 μi -a (σ0-{σs(Rm,n)ERm,n} ) where N all ðwÞ is the number of all pixels classified into a class except for an unclassified pixel. Figure 11 shows the relationship between the area ratio w of the acceptance region and the recognition rate R r ðwÞ obtained using eight iliac arteries and nine femoral arteries. By setting the threshold T o;i ðS ROI Þ (w 99%), the recognition rate R r ðwÞ was increased compared with that at w ¼ 100% (without thresholding) and the recognition rate R r ðwÞ slightly was increased by decreasing the area ratio w of the acceptance region at the expense of the number of classified pixels. Figures 12(c)-12(g) show the tissue classification images for an excised human iliac artery (A). The regions classified as lipids, blood clots, fibrous tissue, and calcified tissue are color-coded yellow, red, blue, and purple, respectively. Figure 12(c) shows the classification image obtained with an ROI size of 5 Â 20 pixels (1;500 Â 1;500 mm 2 ) without thresholding. Although the pixels were roughly classified into the correct tissues, the pixels which have low likelihood L i ðm; nÞ were also classified. Figures 12(d)-12(g) show the classification images obtained with thresholds T o;i ðR m;n Þ determined at four different area ratios of w ¼ 99, 95, 90, and 85%, respectively. In Figs. 12(d)-12(g) , a region whose likelihood is less than the threshold T o;i ðR m;n Þ for all tissue components is colored gray. As shown in Figs. 12(d)-12(g) , similarities among the classification images seem to be qualitatively high especially for those at an area ratio w less than or equal to 95%. It can be expected from the result shown in Fig. 11 that improvement in the recognition rate R r ðwÞ by decreasing area ratio w slightly diminish at area ratio w less than 95%. For another specimen [iliac artery (B)], some pixels were misclassified into blood clots or calcified tissue when the threshold T o;i ðR m;n Þ was not set, as shown in Fig. 13(c) . In Figs. 13(d)-13(g) , by setting w 95%, the pixels misclassified in the blood clots were classified into unclassified region. For these results, the misclassification was reduced using the threshold T o;i ðR m;n Þ determined from the area ratio of the acceptance region less than or equal to 95%.
Conclusions
In this study, variance in measured radial strain was evaluated to set the threshold T o;i ðR m;n Þ for the likelihood L i ðm; nÞ used in elasticity-based tissue classification of the arterial wall. The misclassification was reduced using the threshold T o;i ðR m;n Þ determined by setting the area ratio of the acceptance region less than or equal to 95%. 
